Chemical reactions at the interfaces between two immiscible liquids have become a more interesting subject in various fields, including solvent extraction chemistry, biological chemistry and electrochemistry. 1,2 Although the interfacial complexation has been studied in some solvent extraction systems, catalytic reactions at the interface have not been reported enough compared with those in the aqueous phase. We have previously clarified the various reaction mechanisms proceeding at the liquid-liquid interface in solvent extraction systems by a highspeed stirring method 3-7 that can simultaneously measure the extraction rate of a metal complex and the interfacial concentration of a ligand or the complex from the change of the absorbance in the organic phase. However, this method has one drawback: it cannot directly measure the interfacial species. When the complex was not extracted into the organic phase and exists only at the interface, the complexation rate was indirectly determined from the consumption rate of the ligand in the organic phase in the high-speed stirring method. 6 Recently, in our laboratory we developed a new in situ spectrophotometric method, the centrifugal liquid membrane (CLM) method, to measure the species adsorbed at the liquid-liquid interface. 8, 9 This method utilizes an ultra-thin two-phase liquid membrane in a rotating optical cell by a centrifugal force and can directly measure the interfacial species by transmission spectrophotometry or other spectrometries. But the previous rotating cell did not permit us to inject the sample solution rapidly while the cell was rotating. Therefore, there were some problems: fast reactions were difficult to measure and it was impossible to change the solution conditions in the course of the measurement. To solve these problems, in the present study we made a modified rotating cell that had a hole in the bottom.
Introduction
Chemical reactions at the interfaces between two immiscible liquids have become a more interesting subject in various fields, including solvent extraction chemistry, biological chemistry and electrochemistry. 1, 2 Although the interfacial complexation has been studied in some solvent extraction systems, catalytic reactions at the interface have not been reported enough compared with those in the aqueous phase. We have previously clarified the various reaction mechanisms proceeding at the liquid-liquid interface in solvent extraction systems by a highspeed stirring method [3] [4] [5] [6] [7] that can simultaneously measure the extraction rate of a metal complex and the interfacial concentration of a ligand or the complex from the change of the absorbance in the organic phase. However, this method has one drawback: it cannot directly measure the interfacial species. When the complex was not extracted into the organic phase and exists only at the interface, the complexation rate was indirectly determined from the consumption rate of the ligand in the organic phase in the high-speed stirring method. 6 Recently, in our laboratory we developed a new in situ spectrophotometric method, the centrifugal liquid membrane (CLM) method, to measure the species adsorbed at the liquid-liquid interface. 8, 9 This method utilizes an ultra-thin two-phase liquid membrane in a rotating optical cell by a centrifugal force and can directly measure the interfacial species by transmission spectrophotometry or other spectrometries. But the previous rotating cell did not permit us to inject the sample solution rapidly while the cell was rotating. Therefore, there were some problems: fast reactions were difficult to measure and it was impossible to change the solution conditions in the course of the measurement. To solve these problems, in the present study we made a modified rotating cell that had a hole in the bottom.
2-(5-Bromo-2-pyridylazo)-5-diethylaminophenol, 5-Br-PADAP or HL, has been known as a highly sensitive colorimetric reagent that forms colored complexes with various metal ions and has been used to detect trace amounts of various metal elements. [10] [11] [12] It was reported that 5-Br-PADAP formed a complex with Pd(II) with the mole ratio of 1:1. 13 In the present study, we directly measured the formation kinetics of Pd(II)-5-Br-PADAP complex, which was not extracted into the heptane phase and existed only at the interface, from the spectral change in the heptane/water system. We clarified the kinetic mechanism of the catalytic effect of acid on the complexation reaction. Also, the advantage of the modified centrifugal liquid membrane cell in the kinetic study was demonstrated.
Measurement of distribution ratio of 5-Br-PADAP
The distribution ratio of 5-Br-PADAP between heptane and water was measured by a batch method. The heptane phase (5  cm  3 ) and aqueous phase (5 -40 cm   3 ) were shaken for 1 h in a thermostatted room at 298 ± 2 K, and then the absorption spectra of the heptane phase were measured in the range of 350 -800 nm. The pH was changed in the range of 1.0 -5.8, and the ionic strength was fixed to 0.1 M with (H + ,Na + )Cl -. 2-Morpholinoethanesulfonic acid monohydrate (MES, Dojindo Lab.) was used as a buffer reagent. The absorption spectra were measured with a spectrophotometer (V-550, Jasco) at 298 ± 2 K.
Interfacial adsorption measurements
The interfacial adsorptivity of 5-Br-PADAP was measured with a high-speed stirring apparatus as reported previously. 5, 6 Pure heptane and aqueous phases in the stirring-cell were thermostatted at 298 ± 0.2 K. The organic phase was continuously separated with a PTFE phase separator, passed through a flow-cell with 1 cm optical path length in a photodiode array spectrophotometric detector (SPD-M6A, Shimadzu) and returned to the stirring-cell at a flow rate of 15 cm 3 min -1 with a pump (Lab Pump Jr. Model RHSY, Fluid Metering Inc.). After two phases were agitated in the stirringcell at a stirring speed of 5000 rpm, HL heptane solution was added. Then the organic phase concentration of 5-Br-PADAP was measured from the absorbance at 452 nm. The final volumes of the heptane phase and the aqueous phase were both 0.050 dm 3 . The HL concentration and pH were changed in the range of 1. 14 When the stirring speed was changed from 200 to 5000 rpm, the concentration of 5-Br-PADAP in the organic phase decreased due to the interfacial adsorption. The total concentrations of 5-Br-PADAP under the low-and high-speed stirring are respectively described as: 
where the subscripts T, a, o, and i refer to total, aqueous phase, organic phase and interface, respectively, the subscripts 200 and 5000 refer to the conditions of 200 rpm and 5000 rpm stirring speed, respectively, and Si (17000 cm 2 ) 15 ) include neutral and protonated species in the aqueous phase and at the interface, respectively. From Eqs. 
where D is the distribution ratio of 5-Br-PADAP at a given pH. Equation (3) is rewritten by using the absorbances (A200 and A5000) in the organic phase under the low-speed stirring (200 rpm) and high-speed stirring (5000 rpm) as:
[HL]i,T = (A200 -A5000) ( 
where ε452 is the molar absorptivity of 5-Br-PADAP in the heptane phase (ε452 = 5.16 × 10 4 M -1 cm -1 ) 6 and b the optical length of the flow-cell (b = 1 cm).
Measurements of complexation rate
The modified centrifugal liquid membrane cell is shown in Fig. 1 . The inner diameter and inner height of the cylindrical cell were 19 mm and 30 mm, respectively. A hole of 2-mm in diameter as a sample inlet was drilled at the bottom of the cylindrical cell. The cylindrical cell was placed horizontally in the diode array spectrophotometer (Hewlett-Packard HP8452A) and rotated at about 10000 rpm by a high-speed motor (Nakanishi Inc., NK-260) with a speed controller (Nakanishi Inc., NE-22E). Because of the difference in densities between heptane and aqueous phases, the organic phase was spread out on the aqueous phase at the inner wall of the cylindrical cell under the high-speed rotation. When the volumes of the organic and aqueous phases were 0.150 cm 3 and 0.250 cm 3 , respectively, the thicknesses of the organic and aqueous phases were 77-µm and 128-µm, respectively. The interfacial area between two phases was 19.4 cm 2 .
After the cylindrical cell containing heptane (0.050 cm 3 ) and Pd(II) aqueous solution (0.250 cm 3 ) was rotated, HL heptane solution (0.100 cm 3 ) was injected rapidly by a microsyringe from the hole at the bottom (see Fig. 1 ) to initiate the complexation of Pd(II) with 5-Br-PADAP. The light beam of the spectrophotometer passed through the liquid membranes perpendicular to the rotation axis. The sum of the absorption spectra of the interface, the bulk organic phase and the bulk aqueous phase was measured with the diode array spectrophotometer. The complexation rate was monitored as the absorbance increase of Pd(II)-5-Br-PADAP complex at 580 nm. 
Results and Discussion

Distribution equilibrium of 5-Br-PADAP
The distribution ratio, D, of 5-Br-PADAP was obtained from the following equations:
where the subscripts init and f refer to the initial and the final absorbances, respectively. HL and H2L + correspond to the neutral and the protonated 5-Br-PADAP, respectively. The logarithm of D was represented as:
where KD is the distribution constant of neutral Figure 2 shows the interfacial adsorption of 5-Br-PADAP in the high-speed stirring condition at various pH values. The absorbance change of 5-Br-PADAP due to the stirring increased with the decrease of pH. This is ascribable to the adsorption of a protonated 5-Br-PADAP (H2L + ) under the low pH condition, because the adsorptivity of HL is expected to be independent of pH. 6 By assuming the concentration of vacant site at the interface s (mol cm -2 ), one can defined the saturated interfacial concentration asat (mol cm -2 ) as:
Interfacial adsorption of 5-Br-PADAP
Furthermore, the adsorption constant K of HL and the acidic dissociation constant Ka of H2L + at the interface are defined as: 16
From Eqs. (7) - (9), [HL] i is represented by (10) where K′ is equal to asatK. Consequently, assuming that the values of asat of HL and H2L + are almost same, we can represent the total interfacial concentration by (11) From Eqs. (4) and (11), A200 -A5000 is represented by
where Kapp ′ is the apparent adsorption constant,
The plots in Fig. 2 were analyzed by Eq. (12) and the values of asat and Kapp ′ at each pH were obtained as listed in Table 1 . The value of D in Eq. (12) at each pH was calculated by Eq. (6). The averaged value of asat was obtained as (8.8 ± 2.5) × 10 -11 mol cm -2 . This value is close to a typical value of asat, which is at the order of 10 -10 mol cm -2 . 17 The value of asat at pH 1.07 seemed to be slightly larger than those at the other pH values. This was ascribed to a poor curvature in the plot at pH 1.07 in Fig. 2 , which was not enough to obtain an accurate value of asat. The value of K′ was obtained as 2.5 × 10 -3 cm, assuming no protonation of HL at pH 5.93. Substituting the value of K′ in Eq. (13) yields the value of Ka,i at each pH and 1.3 ± 0.2 was obtained as the average value of Ka,i. The value of pKa,i at the heptane/water interface was smaller than 2.95, pKa in the aqueous phase. The dielectric constant of heptane (εr = 1.924 at 293 K) is lower than that of water (εr = 80.10 at 293 K). Moreover it was reported that the value of pKa in the 1:1 EtOH/water solution was 2.02; 10 this was smaller than that of pKa in water. Therefore, it is expected that the equilibrium between H2L + and HL at the interface will favor the neutral 
18,19
Interfacial complexation mechanism Figure 3 shows the absorption spectra of 5-Br-PADAP and Pd(II)-5-Br-PADAP complex measured by the CLM method. From the result of batch experiments, we confirmed that Pd(II)-5-Br-PADAP complex was not extracted into the heptane phase. Moreover, the spectrum with the maximum at 580 nm obtained by the CLM method was different from the one in the aqueous phase that had two maximal absorption wavelengths at 575 nm and 620 nm. 20 Thus, we concluded that the spectrum obtained by the CLM method was ascribable to the interfacial complex and the concentration of Pd(II)-5-Br-PADAP complex in the aqueous phase in CLM system is negligibly smaller than that at the interface. 21 The absorbance at 580 nm was proportional to the interfacial concentration of Pd(II)-5-Br-PADAP complex. The observed absorbance in CLM method was correlated with the molar absorptivity at 580 nm of Pd(II)-5-Br-PADAP interfacial complex, ε580,
where Va and ba are the aqueous volume and the thickness of the aqueous phase in the CLM system, respectively. The plots of the absorbance at 580 nm vs.
[PdL]iSi/Va in the range of 1.7 × 10 -6 -7.0 × 10 -6 M gave the value of ε580 = 4.22 × 10 4 M -1 cm -1 . Figure 4 shows a typical result of the complexation rate profile obtained by CLM method at the absorption maximum wavelengths of HL in the heptane phase (452 nm) and Pd(II)-5-Br-PADAP complex at the interface (580 nm). As shown in this figure, the observed initial complexation rate (r obs 0 ) was obtained from the initial slope of the absorbance increase at 580 nm. Figure 5 shows that r obs 0 was proportional to the concentration of palladium(II) in the aqueous phase at pH 1.07. If the complexation reaction of Pd(II) with 5-Br-PADAP occurs only in the aqueous phase, the observed initial complexation rate is Pd(II) with HL and H2L + in the aqueous phase, respectively. The previous report revealed that the values of ka,HL and ka,H2L+ were almost the same, 7 because 5-Br-PADAP was protonated at the diethylamino-group, which did not coordinate to the metal ion. 10 Thus, Eq. (17) is rewritten as
where ka = ka,HL = ka,H2L+. The value of ka was reported as 5.7 × 10 2 M -1 s -1 . 7 In the two-phase liquid membrane system, the total 5-Br-PADAP concentration is represented as
The volumes of the aqueous phase and the organic phase are 0.250 cm 3 (18) with these values. The slope of the solid line was about two times smaller than the experimentally observed one. This result suggests that the rate-determining step of the formation reaction of Pd(II)-5-Br-PADAP is not only the reaction in the aqueous phase; the interfacial reaction also has to be considered. Figure 6 shows the dependency of r obs 0 on the total 5-Br-PADAP concentration. As expected, the r obs 0 increased with the total 5-Br-PADAP concentration. Figure 7 shows r obs 0 as a function of pH. The log r obs 0 values increased with the decrease in pH, because the concentration of 5-Br-PADAP in the aqueous phase and at the interface increased due to the protonation.
The experimental results suggest the complexation mechanism of Pd(II)-5-Br-PADAP in heptane/water system which is shown in Fig. 8 
where ki, HL and ki,H2L+ are the reaction rate constants for HL and H2L + with Pd(II) at the interface, respectively. Thus, r obs 0 can be described as follows: 
Here X is
The value of X at each pH is obtained from the experimental results. Therefore, a matrix determinant can be introduced as: . The values of ki,H2L+ was somewhat larger than that of ki,HL. It can be expected that the reaction of HL with Pd(II) at the interface is slower than that in the aqueous phase because of the solvation of HL by heptane molecules, while the reactivity of H2L + will be similar to that in the aqueous phase due to the lowering of such kind of solvation; H2L + is probably adsorbed at the aqueous phase side of the interface. A similar tendency was obtained also in the reactions at the toluene/water interface 7 ( Table 2) . The dashed lines shown in Figs. 5, 6, and 7 are the ones calculated from Eq. (22) using the values of the rate constants. The calculated curves were in fairly good agreement with the experimentally observed plots. Figure 9 shows the participation ratio of the initial rate of each reaction of Eqs. (15), (16) , (20) , and (21) in the values of r obs 0 in Fig. 7 . The predominant reaction pathways at pH 1.07 were Eqs. (16) and (21), which were the reactions of palladium(II) with H2L + in the aqueous phase and at the interface, respectively.
This figure indicates that the reaction of palladium(II) with H2L + in the aqueous phase cannot be ignored 
in the heptane/water system, though it could be neglected in the toluene/water system, because of the high distribution constant of HL (log KD = 4.78). 7 However, the formation rates of Pd(II)-5-Br-PADAP complex were accelerated by the protonation of 5-Br-PADAP in both systems.
Conclusion
The acid-catalysis in the complexation of Pd(II) with 5-Br-PADAP in the heptane/water system was elucidated in this study. In this system, the complexation rate of Pd(II)-5-Br-PADAP was accelerated by H + , because the 5-Br-PADAP concentrations in the aqueous phase and at the interface increased with the protonation to diethylamino-group. Diethylamino-group did not directly coordinate to Pd(II) ion, 10 so that the reactivity of 5-Br-PADAP with Pd(II) was not affected by the protonation. Moreover, the rate constant for the reaction of protonated 5-Br-PADAP with Pd(II) at the interface was close to that in the aqueous phase. This suggested that the reactivity of H2L + increased by the lowering of the solvation of H2L + by heptane molecules at the interface. This suggestion seems to be supported by the result that the equilibrium between H2L + and HL at the interface will favor the neutral form in comparison with the case in bulk aqueous phase; pKa 2.95, pKa,i 1.3.
The centrifugal liquid membrane method using the modified cell was applied to the kinetic study of the formation of interfacial Pd(II)-5-Br-PADAP complex in the heptane/water system. It was demonstrated that this cell was very useful for the measurement of relatively fast interfacial reactions. The formation rate of Pd(II)-5-Br-PADAP complex that existed only at the liquid-liquid interface could be measured directly by the centrifugal liquid membrane method and the interfacial formation rate constants were determined. Table 2 The rate constants for the reaction of Pd(II) with the neutral and the protonated 5-Br-PADAP in the aqueous phase, at the heptane/water interface and at the toluene/water interface Neutral 5-Br-PADAP (HL) Protonated 5-Br-PADAP (H2L + ) Fig. 9 The participation ratio of calculated initial rate for each reaction to the r obs 0 as a function of pH; ( ) the reactions of Pd(II) with H2L + in the aqueous phase, ( ) with HL in the aqueous phase, ( ) with H2L + at the interface, and ( ) with HL at the interface.
